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4  =  Direct  impingement  of  impurities  from  low  level 

thrusters  on  Type  II  radiators, 
b  =  Reattracted  ionized  impurities  from  low  level 

thrusters . . . . 


I.  INTRODUCTION 


This  report  describes  the  ionization  of  neutral  outgas  products  and 
their  attraction  to  a  charged  spacecraft.  Calculations  are  presented  as  a 
quantitative  guide  to  the  magnitude  of  this  effect  for  spacecraft  at  synchronous 
altitudes . 

The  problem  has  been  reduced  to  a  chain  of  separate  processes. 

The  critical  questions  that  need  to  be  examined  are: 

1.  What  are  the  efflux  rates  of  the  neutral  outgas  and  thruster 
products  that  contribute  large  molecules  to  the  spacecraft 
environment  ? 

2.  What  fraction  of  these  neutral  molecules  becomes  ionized 
by  the  energetic  ambient  particles  or  the  ultraviolet  solar 
radiation  encountered  in  space? 

3.  Under  what  conditions  will  the  ionized  molecules  be 
returned  by  electrostatic  forces  to  the  spacecraft? 

4.  How  long  will  it  take  to  deposit  a  monolayer  of  molecules 
on  the  spacecraft? 

5.  Will  the  molecules  reside  on  the  surface  long  enough  to 
permit  a  buildup  of  layers? 

Any  calculation  to  estimate  the  magnitudes  of  these  processes 
depends  heavily  upon  simplifying  assumptions  and  upon  test  data,  which  are 
often  scarce  or  must  be  extrapolated  to  fit  the  parameters  of  this  problem. 
Nevertheless,  questions  2  and  3  can  be  answered  with  some  confidence  (see 
Sections  II  and  III  respectively),  so  we  can  establish  a  reasonably  good  num¬ 
ber  for  the  fraction  of  the  neutral  efflux  that  becomes  ionized  and  redeposited 
on  the  surface.  The  magnitude  of  the  neutral  efflux,  however,  is  very  poorly 
known.  Questions  5,  4,  and  t  above  are  discussed  in  Section  IV.  Results 
of  this  study  are  summarized  and  recommendations  made  in  Section  V . 
Although  no  attempt  is  made  to  discuss  the  effects  of  the  contaminants  once 
they  arc  deposited,  it  should  be  noted  that  the  effects  (on,  for  instance, 


transmissivity  of  optical  surfaces)  may  be  immediate  (if  the  deposits  are 
opaque),  or  delayed  (if  the  deposits  darken  through  some  process  such  as 
polymerization),  or  altogether  negligible. 

In  a  previous  study  (Ref.  1),  a  calculation  was  made  of  the  attraction 
of  neutral  molecules  to  a  charged  spacecraft  through  their  polarization  in  the 
nonuniform  electrostatic  field  of  the  vehicle.  The  resulting  contamination 
was  concluded  to  be  negligible. 
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II.  FRACTIONAL  IONIZATION 


t 


In  order  to  calculate  the  fraction  of  neutral  molecules  that  become 
ionized,  we  first  consider  the  attenuation  of  a  monoenergetic  flux  of  neutral 
molecules  due  to  an  ionization  rate  v.  Then,  we  shall  calculate  values  of 
for  dominant  ionization  mechanisms. 

The  number  g(r)  (molecules/sec)  of  neutral  molecules  with  radial 
velocity  v  passing  through  a  spherical  boundary  of  radius  r  would  be  constant 

7 

in  the  absence  of  attenuation.  If  Fq  (molecules/m  /sec)  is  the  source  flux  of 

molecules  from  a  sphere  of  radius  r  and  a  fraction  »  of  the  surface  is 

o 

emitting,  then  we  know  the  value 

g(r  )  =  4tt  r^  aF 
®  '  o  o  o 

However,  with  an  attenuation  of  v  (ionizations/ sec/molecule)  in  incremental 
time  dt,  the  number  of  molecules/sec  passing  through  the  shell  of  radius  r 
changes  by 


U) 


Equation  (1  )  is  easily  integrated  to  yield 

g(r)  =  g(rQ)  exp  £  (r  -  rQ)J 

neutral  molecules/sec  passing  through  a  shell  of  radius  r.  The  number  of 
ionizations/sec  occurring  inside  the  radius  r  is  thus 

gi(r)  =  g<ro>  ‘  g(r)  11  g(ro)  (*  ‘  exp  [’  ^  (r  '  ro)]) 


(2) 
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and  is  the  same  as  the  number  of  positive  ions  produced  if  each  ionization 
removes  one  electron  from  one  molecule.  We  can  name  the  quantity  v/v  s  L, 
the  attenuation  length  where  L  is  a  measure  of  the  radial  distance  required 
for  the  reduction  of  g  by  a  factor  of  1/e. 

The  factor -v  needed  to  calculate  L,  may  be  the  result  of  either  ener¬ 
getic  particle  fluxes  or  uv  radiation.  For  photon  fluxes, 

CO 

vph  =  f  <r(E)l  (E)  dE  (3) 

■'o 

2 

where  a  (E)  m  is  the  cross  section  for  ionization  by  photons  of  energy  E, 
and  1(E)  photons/m^/sec/eV  is  the  intensity  of  the  solar  spectrum  at 
energy  E. 

Although  the  solar  spectrum  is  known  (see  Fig.  1  [Ref.  2]),  cross 
sections  for  molecules  of  interest  are  not  known  at  uv  wavelengths. 

However,  Feuerbacher  and  Fitton  (Ref.  3)  have  calculated  the  photoelectron 
yield  Y  of  several  materials  exposed  to  the  solar  spectrum.  The  following 
results  from  Feuerbacher  and  Fitton  are  important: 

1.  Typical  electron  yields  are  Y  =  3  X  10^  electrons /m^ /sec 
for  aluminum.  Results  varied  by  only  about  a  factor  of  2  for 
other  materials  tested. 

2.  About  30  percent  of  the  photoemission  is  due  to  Lyman  a 
(10.19  eV)  photons. 

3.  Photoemission  effectively  takes  place  from  within  the 
first  three  or  four  atomic  layers  of  a  surface. 

We  shall  make  the  assumption  that  the  photoemission  process  for 
a  surface  (involving  the  absorption  of  a  photon  and  the  emission  of  an 
electron)  is  the  same  process  involved  in  the  ionization  of  a  single,  large, 
free  molecule.  This  is  not  strictly  true  since,  in  a  solid,  the  sharp  electron 
energy  levels  of  isolated  atoms  are  broadened  (Ref.  4).  Weissler  (Ref.  4  ) 


I  IE),  photons/m  /sec /eV 


Fig.  1.  The  uv  solar  radiation  flux  as  a  function  of  photon  energy, 
based  on  rocket  and  satellite  observations.  Discrete  line 
emission  intensities  are  determined  by  multiplying  the 
flux  (indicated  by  the  triangles)  by  1  eV  (Ref.  2). 


1 1 


l 


gives  the  photoelectric  work  functions  of  a  typical  solid  such  as  aluminum 
as  4  eV  compared  with  an  ionization  energy  of  6  eV  (Ref.  5). 

it  may  bo  observed  from  Fig.  2  (Ref.  6)  that  the  photoelectric  yield 
between  4  and  6  eV  is  a  small  fraction  of  the  total  (note  the  area  under  the 
curve).  Moreover,  photoemission  from  Lyman  a  radiation  should  be  inde¬ 
pendent  of  the  solid  or  gaseous  state  of  the  molecule  because  Lyman  a 
photons,  with  10.19  eV,  carry  more  energy  than  is  required  by  either  the 
work  function  of  the  solid  or  the  ionization  energy  of  the  gas.  (There  is  a 
difference,  irrelevant  for  our  purpose,  in  the  energy  of  the  emitted  photo¬ 
electron.)  The  yield  constancy  may  be  understood  in  general  terms  to  result 
from  a  more  or  less  constant  "packing  density"  of  atoms  in  a  solid  where 
the  number  of  electrons  available  for  ejection  is  proportional  to  the  number 
of  atoms.  We  shall  assume  that  Y’,  the  yield  of  photoelectrons  per  layer, 
is  nearly  constant  for  different  substances.  We  can,  therefore,  estimate 
the  photoelectron  yield  for  an  isolated  molecule  from  the  measurements 
made  with  solids.  The  quantity  which  Feuerbacher  and  Fitton  (Ref.  2) 
measured  corresponds  to 


Y 


4  Y ' 


4/n 


«r(E)  1(E)  dE 


(4) 


3 

where  nt  is  the  number  of  target  particles/m  ,  4  is  the  number  of  atomic 
layers  in  the  interaction  region,  and  I  is  the  atomic  layer  thickness.  Over¬ 
lap  of  target  atoms  should  be  negligible.  The  quantity  4fntcr(E)  is  the  proba¬ 
bility  of  photoelectron  emission  per  incident  photon  per  eV  for  the  surface. 

At  this  point,  we  specialize  the  calculation  to  a  Large  free  molecule  and 
employ  the  assumption  that  Y',  the  number  of  photoelectrons  emitted  per 
m^/sec/layer,  is  a  constant  independent  of  the  substance.  A  comparison 
of  Eqs.  (3)  and  (4)  shows  that 


v 


2  Y ' 
ph  !nt 


(3) 
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Pholoeleclron  yield  of  aluminum  for  solar  irrad 
excluding  line  emission  (Ref.  6). 


where  the  factor  of  2  has  been  added  to  correct  partially  for  the  fact  that 
any  released  electron  escapes  from  an  isolated  molecule  whereas,  in  the 
surface  for  which  Y  was  measured,  only  photoelectrons  with  an  outward 
velocity  component  could  escape.  The  factor  nt'*  is  the  volume  per  mole¬ 
cule  so  that  n^ ~  *  I  *  has  units  of  area/molecule.  The  kg  weight  per  mole 
of  the  target  substance  is  10'^  W  where  W  is  the  molecular  weight.  For  a 

typical  silicone  of  chain  length  6,  W  -  458.  N.  is  Avogadro's  number  and 

23  A 

is  6.02  X  10  molecules/mole,  S  is  the  specific  gravity  of  the  target 

material  and  is  1.034  for  silicone,  pQ  is  the  density  of  water  and  is 

10-*  kg/m^,  and  t  may  be  evaluated  from 


1 


3 


where  mn  is  the  nucleon  mass 


1.67  X  10 

heavy  molecules  such  as  silicone  gives  v 
molecule . 


-27 
ph  * 


kg.  Evaluating  Eq.  (5)  for 
1.2  X  1  O'4  ionizations/sec/ 


From  the  numbers  found,  we  may  estimate  a  cross  section  for  photo - 
ionization.  We  make  use  of  Eq.  (3)  and  the  fact  that  30  percent  of  photo- 
emission  comes  from  Lyman  a  photons.  Then, 


vph  “  -y  I(L*) 

who  re  the  intensity  of  Lyman  o  radiation  above  the  atmosphere  is  3  X  10*^ 
photons/m^/see  (Kef,  2).  Thus,  we  find 


ff(Lo)  =*  1 .2  X  JO'20 


2 

m 


f  4 


which  is  close  to  measured  photoionization  cross  sections  at  higher  photon 
energies.  For  example,  Rich  (Ref.  7)  gives 


<t(1425A)  =  3.8  X  10'21  m2 


for  silicon. 

Ionization  could  also  occur  as  a  product  of  bombardment  by  ambient 
electrons  or  ions.  For  electrons,  we  have 

<re<E)^dEdW  (6) 


which  gives  the  ionization  rate  ve  of  ionizations /sec/molecule  due  to  bom¬ 
bardment  of  a  material  with  a  cross  section  of  <re(E)  m2  by  electrons  with 
an  energy  spectrum  of  dj/dE  electrons/m2/ sec/ster/eV.  We  assume  that: 


1.  The  electrons  are  in  thermal  equilibrium.  Thus, 

_  _  E 

2nE  exp  -  — 

qj  _ _ re 

d  E  =  l  3 

me  (2we^e)2 

6  3 

where  n  is  the  ambient  electron  density  =  10  /m  at  6  earth 
radii  (Ref.  8),  e  is  the  electron  char  ge  =  1 . 6  X 
is  the  electron  mass  =  9.11  X  lO-^!  kg,  and  e<f>e  is  the  most 
probable  electron  energy  =  4000  eV  (derived  from  the  data  of 
DeForest  and  Mcllwain  [  Ref.  8  J). 

2.  The  factor  tr^tE)  is  a  constant  ( ffg)  independent  of  energy. 

3.  I  he  electrons  are  isotropic. 


15 


With  these  assumptions,  the  integral  in  Eq.  (6)  can  be  performed, 


giving 


(7) 


The  typical  cross  section  for  30  £  E  £  1000  eV  of  molecules  of  mole- 

6  -212 

cular  weight  W  s  28  is  given  in  Ref.  9  as  «r ^  2  8.8  X  10  m  ,  For  a  mole¬ 
cule  of  silicone  (W  -  458),  we  would  expect 


a 


4  58 


5.2  X  10 


-20 


2 

m 


which  is  still  -v  1  percent  of  the  "physical"  cross  section  of  the  molecule.  With 
%  "  a458 ’  Eq‘  (7)  giveS 


v  -  2.2  X  10  ^  ionizations/sec/molecule 
e 

+  3 

For  incident  ions,  ,  n.  »  n,  and  M.  =*  10  m  ,  so  it  can  be  seen 

i  re  ii  e 

from  Eq.  (7)  that  resulting  from  energetic  ions  will  be  considerably  smaller 

than  v  . 
e 

We  now  return  to  the  attenuation  length 


L 


y_ 

v 


V  ,  +  V  +  V  . 

ph  e  I 


where,  to  relate  to  a  physical  situation  (particles  not  monoenergctic) ,  v  may  be 
taken  to  be  the  most  probable  neutral  molecule  velocity.  For  kT  -  116K 
-  0.01  eV  -  m  v^/2  and  m  -  458  m  (silicone),  we  have  v  =  65  m/sec. 
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This  gives  a  value  of 


L  =  5.  4  X  10- 


rn 


It  a  neutral  molecule  is  not  ionized  before  it  passes  beyond  the  plasma 
shielding  distance  \  (about  100  m  at  synchronous  altitude  [Ref.  10  J).  the 
electrostatic  force  on  the  ion  to  reattract  it  to  the  charged  spacecraft  is 
considerably  reduced.  Consequently .  we  are  interested  primarily  in  the  number 
of  ions  produced  within  r  \  -  100  m  of  the  spacecraft.  This  is  given  by 
Eq.  (Z)  which,  with  r/L  =  l,8x  10*4,  yields 


V  = 


g(r  ) 

0i 


1. 8  X  10'4 


(8) 


with  r  »  r  and  r  /  L  «  1  . 
o 

Thus,  we  see  that  0.  0Z  percent  of  the  neutral  (silicone)  molecules  will 
become  ionized  within  the  spacecraft  sheath  where  electric  fields  may  exist  to 
reattract  them  to  the  surface. 
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III.  REATTRACTION  MECHANICS 


The  possibility  of  whether  or  not  a  particle,  once  ionized,  can  return 
to  the  spacecraft  surface  must  now  be  considered.  The  trajectory  of  an 
attracted  particle  is  determined  by  conserving  energy  and  angular  momentum 
for  the  particle  as  it  falls  in  a  central  field  of  force. 

2 

Prior  to  ionization,  a  particle  has  a  total  energy  of  E  =  Eq  s  mv^/2 

where  Eq  is  the  most  probable  (thermal)  energy  of  the  emitting  surface.  At 

the  time  of  ionization,  the  total  energy  of  the  particle  is  E  =  E  -  U(r  )  where 

o  s 

r^  is  the  radial  distance  of  the  point  of  ionization  and  U(rg)  is  the  potential 

energy  of  the  central  force  field  at  that  distance,  normalized  so  that  U(=o)  =  0. 

At  subsequent  times,  E  =  E  -  U(r).  With  a  small  error  for  r  <  \,  U(r)  may 

°  -2 

be  assumed  to  be  the  potential  energy  in  the  r  coulomb  (free  space)  force 

field.  The  minus  sign  that  signifies  attraction  has  been  written  explicitly.  If 

the  magnitude  of  the  negative  surface  potential  is  UQ  =  U(ro),  then 

U(r)  -  U  r  /r. 
o  o 

We  shall  consider  the  case  of  a  particle  emitted  with  maximum 
angular  momentum  fQ  mvorQ  (see  Fig.  3).  At  all  subsequent  times,  fQ 
will  remain  the  same.  We  shall  determine  whether  the  requirement  of  con¬ 
servation  of  angular  momentum  ever  prevents  a  particle  from  striking  the 
surface . 

The  motion  of  a  particle  in  the  central  potential  U(r)  is  equivalent 
mathematically  to  the  problem  of  the  one-dimensional  motion  of  a  particle  in 
a  potential 


(Ref.  11).  Such  a  potential  is  illustrated  in  Fig.  4.  This  equivalence  is 
evident  from  the  energy  conservation  equation 
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4.  3.  Trajectory  of  a  particle  with  maximum  angular  momentum 
up  to  point  of  ionization. 


E  =  E  - 
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U  r 
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The  centrifugal  force  term  for  the  maximum-f  geometry  shown  in  Fig.  3  can 
be  shown  to  satisfy 


T-.  2 

E  r 
o  o 


2mr 


Turning  points  (apogee  and  perigee)  of  the  motion  are  at  r^,  r  where  r  =  0. 
Rewriting  the  energy  conservation  equation,  setting  r  =  0,  to  examine  the 
condition  for  a  particle  to  escape  (only  one  turning  point  exists)  or  to  miss 
the  surface  (perigee  at  r^  >  rQ)  gives 


r 

o 


r 

s 


~  U  2 


o  r 


r 

o 


r 


(9) 


Substituting  C  =  E  /U  ,  x=r/r  ,  and  S  =  r  /r  ,  we  may  write  the  solutions 
o  o  o  so 

to  Eq .  (9)  as 


x  = 
£ 


J 


Si  VS-  4CS(  1  -  CS) 


2(1  -  CS) 


(10) 


From  Eq.  (10)  it  is  evident  that  for  two  real  solutions  (bounded  motion,  i.e., 
no  escape)  we  require 


l 

C 


> 


S 


> 


4C 

1  +  4C2 
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These  conditions  are  plotted  in  Fig.  5.  Note  that  the  two  lines  divide 
the  figure  into  three  regions.  If  the  point  S  where  ionization  occurs  is  too 
far  out,  the  ion  will  escape  since  it  is  headed  outward  and  there  is  no  apogee 
turning  point.  The  zone  forbidden  to  ions  due  to  angular  momentum  conser¬ 
vation,  even  in  this  worst  case,  does  not  extend  above  S  =  1,  so  all  particles 
which  do  not  escape  will  hit  the  surface  before  or  at  perigee.  If  we  want 

particles  ionized  as  far  away  as  1  shielding  length  (e.g.,  \  =  100  m,  r  =  1  m) 

-2  -2  .  ° 

to  be  trapped,  then  we  require  C  <  10  ,  which,  if  Eq  =  10  eV,  will  occur 

for  surface  potentials  more  than  1  V  negative.  Potentials  much  more  negative 

than  IV  will  occur  commonly  on  the  dark  sides  of  spacecraft  beyond  the  plasma- 

pause  as  well  as  in  eclipse  (Refs.  8,  12,  and  13).  Thus,  all  particles  ionized 

within  1  shielding  length  from  the  spacecraft  will  return  and  hit  the  surface. 

The  part  of  the  analysis  dealt  with  in  this  section  does  not  depend  on 

the  size  or  mass  of  the  ion.  (However,  the  fraction  y  calculated  in  Section 

2/3 

II  is  proportional  to  W  .)  We  have  assumed  spherical  symmetry  while,  in 
reality,  only  the  dark  side  of  a  spacecraft  will  have  large  potentials  because 
ol  the  photoelectron  emission  on  the  sunlit  side.  Research  in  progress 
indicates  that  the  negative  potential  well  may  extend  to  the  sunlit  side  except 
close  to  the  surface.  However,  further  investigation  of  asymmetric 
spacecraft  sheaths  is  needed. 


<Jfc 


c  = 


.  5.  Distance  of  ionization  rs/r0  plotted  versus  initial  energy 

E0/U0  showing  regions  of  escape,  trapping,  and  prohibition. 
The  factor  rs  is  the  radius  at  which  ionization  occurs.  The 
radius  rQ  and  potential  \J0/e  characterize  the  emitting  surfac 
and  E0  is  the  neutral  particle  energy. 
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IV.  CONTAMINANT  YIELDS 


Two  sources  of  neutral  molecules  will  be  considered:  (1)  outgassing 
effluents  and  (2)  low  level  thruster  impurities.  Data  for  these  quantities  are 
not  well  known  experimentally  and  are  not  readily  available. 

Outgassing  is  a  very  temperature -dependent  phenomenon  and,  for 
a  spinning  spacecraft,  temperature  cycling  would  make  net  outgassing  rates 
difficult  to  calculate  even  if  laboratory  data  were  available.  Based  on  QCM 
(quartz -crystal  monitor)  data  from  the  OGO-6  spacecraft,  the  outgassing  flux 
may  be  taken  to  be 

Fog  =  3.0X  10-6e*p 


2 

g/m  /sec  with  t  in  days.*  This  number  is  uncertain  by  at  least  an  order 
of  magnitude. 

Assuming  an  average  propellant  consumption  of  0.  1  lb/day  and 

-7 

0.5  percent  impurities  by  weight,  a  total  of  2.64  X  10  g/sec  of  impurities 

would  be  exhausted  for  all  thrusters  (Ref.  14).  In  relation  to  the  area  of  the 

2 

spacecraft  surface  (taken  to  be  4,n’ro  with  rQ  =  1  m),  the  thrusters  supply  an 
average  Ffci  =  2.1  X  10~®  g/m2/sec  to  the  spacecraft  environment. 

With  a  flux  F(t)  of  neutral  particles  leaving  the  spacecraft  and  a 
fraction  y  being  ionized  inside  the  shielding  length,  all  of  which  return  to  the 
surface,  the  thickness  on  the  surface  will  build  up  according  to 

Z(tl  =  f  YF(tp')dt'  (H) 

•'o 


’  E.  N.  Borson, 


private  communication. 


where  p  -  pQS  is  the  density  of  the  substance  considered.  The  assumption  has 
been  made  that,  once  deposited,  the  contaminant  will  have  an  infinite  "sticking 
time."  For  cold  surfaces  such  as  mirror  radiators,  this  is  probably  a  good 
assumption  (Ref.  14)  due  to  the  strong  temperature  dependence  of  evaporation 
rates.  Furthermore,'  it  is  possible  that  the  chemical  form  of  the  contaminant 
could  be  modified  because  of  solar  radiation  (Ref.  15)  and  the  modified  sub¬ 
stance  might  not  evaporate. 

Equation  (11)  yields 

zQg  =  1.  87  X  Iff9  (l  -  exp(^))  (X  lO*1) 


where  /.  is  in  meters  and  t  is  in  days,  so  that  outgassing  results  in  a 
og 


thickness  of  52  A  buildup  with  an  e-folding  time  of  about  42  days, 
impurities,  F  is  a  constant,  and  Eq.  (11)  gives 


For  thruster 


Zti  =  3.  2X  10-13  t 


where  Y.  ^  is  in  meters  and  t  is  in  days, 


Parameters  for  silicone  have  been  used  throughout.  The  quantities 
ZQg  and  are  plotted  as  Curves  2  and  5  respectively  in  Fig.  6.  The 
results  are  discussed  in  Section  V. 
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Fig.  6.  Deposit  thickness  as  a  function  of  time  showing: 

1  Total  of  2  and  3 . 

2  Reattracted  ionised  outgas  products. 

3  Direct  impingement  of  impurities  from  low  level 
thrusters  on  Type  1  radiators. 

4  -  Direct  impingement  of  impurities  from  low  level 

thrusters  on  Type  II  radiators. 

5  Reattracted  ionized  impurities  from  low  level 
thrusters . 


V.  SUMMARY  AND  CONCLUSIONS 


It  was  shown  in  Section  II  that  \  =  0.  02  percent  of  the  heavy  neutral 
spacecraft  effluents  would  be  ionized  within  the  spacecraft  sheath.  At 
altitudes  of  6.6  earth  radii,  ambient  energetic  electrons  and  solar  uv  radiation 
contribute  comparably  to  the  ionization  rate.  The  quantity  y  is  probably  accu¬ 
rate  to  closer  than  a  factor  of  5. 

In  Section  III  it  was  demonstrated  that  all  of  these  ions  would  be 
reattracted  to  the  spacecraft  surface  when  it  is  negatively  charged.  Outgassing 
and  thruster  effluent  rates  were  discussed  in  Section  IV.  Outgassing  rates  are 
uncertain  by  at  least  an  order  of  magnitude. 

The  contaminant  thicknesses  calculated  in  Section  IV  are  shown  in 
Fig.  6.  Negligible  re -evaporation  has  been  assumed.  Curve  2  is  the  con¬ 
tamination  buildup  resulting  from  the  reattraction  of  ionized  outgas  products. 
Curve  5,  which  by  comparison  is  negligible,  results  from  the  reattraction  of 
ionized  thruster  effluents.  Included  in  Fig.  6  are  the  thicknesses  of  deposits 
due  to  direct  impingement  of  thruster  impurities  (assumed  to  be  0.5  percent  of 
the  propellant  by  weight)  on  Type  I  (Curve  4)  and  Type  II  (Curve  5)  radiators, 
as  calculated  by  Borson  (Ref.  14).  A  numerical  error  found  in  Ref.  14  has 
been  corrected  in  plotting  these  curves.  Inasmuch  as  perhaps  100  A  of  deposit 
is  required  for  significant  optical  and  thermal  degradation  of  a  sensitive 
surface,  it  is  clear  that  only  two  of  these  effects  have  significance  within  the 
first  6  months  of  the  satellite  lifetime,  i.  e.  ,  direct  thruster  impingement  on 
Type  I  radiators  and  outgas  reattraction.  The  combined  deposit  due  to  these 

O 

two  effects  is  shown  as  Curve  1  in  Fig.  6.  A  total  thickness  of  100  A  is  pre¬ 
dicted  to  result  in  about  6  months. 


It  is  concluded  that  ionization  and  subsequent  reattraction  of  space¬ 
craft  outgas  products  may  play  a  significant  role  in  depositing  large 
molecules  on  a  satellite  surface  during  the  early  months  in  orbit.  Subsequently, 
this  effect  contributes  negligible  additional  deposits.  However,  spacecraft 
thermal  effects  attributed  to  optical  surface  contamination  have  time  scales 
of  6  months  and  longer/'  This  evidence  can  be  interpreted  in  several  ways: 

1.  Some  other  mechanism  more  nearly  linear  in  time 
(e.g.,  direct  thruster  impurity  impingement,  shown 
as  Curve  3)  becomes  dominant. 

2.  Deposits  darken  or  change  chemically  in  time  due  to 
another  mechanism,  e.g.,  by  polymerization  (Refs.  15, 

16,  and  17).  Thus,  as  long  as  a  sufficient  thickness  of 
contaminant  has  been  deposited  shortly  after  launch  and 
evaporation  of  it  is  negligible,  continual  deposition  is 
not  necessary. 

3.  Outgassing  is  not  monotonically  time -dependent  (e.g.,  is  it 
stimulated  by  magnetic  storms?). 

4.  The  magnitude  and  time  scales  of  outgassing  are  in  reality 
much  larger  than  estimated  (an  order  of  magnitude  would 
do). 

5.  Some  other  mechanism  is  responsible. 

Due  to  the  uncertainty  in  F  ,  the  predicted  importance  of  outgas  product 
reattraction  is  not  certain.  However,  estimates  of  other  mechanisms  suffer 
from  similar  uncertainties.  Combinations  of  explanations  1,  2,  3,  and  4 
above  are  not  ruled  out. 

To  verify  these  predictions,  the  following  information  is  required: 

1.  The  average  outgas  rates  and  composition. 

2.  Thruster  impurity  fractions  and  composition. 

3.  Ionization  cross  sections  for  uv  and  electron  bombardment 
for  various  contaminant  substances. 

4.  Spacecraft  potentials  and  their  spin  dependence. 

5.  Spacecraft  sheath  electric  field  magnitudes  and 
geometries . 


D.  W.  Moore,  personal  communication. 
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6. 

7. 


Ion  orbits  in  asymmetric  sheaths. 
Contaminant  sticking  times. 


To  combat  the  contamination  caused  by  ionization  of  outgas  materials, 
several  methods  are  possible  (see  also  Ref.  18): 

1.  Decoy  the  ions  by  electrostatic  means  as  detailed  by 
Cauffman  (Ref.  19). 

2.  Reduce  outgas  fluxes  through  redesign,  material  sub¬ 
stitution,  or  prelaunch  bakeout. 

3.  Reduce  the  spacecraft  attractive  electric  fields  by  coating 
insulating  surfaces  with  thin,  transparent,  conductive  films. 
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LABORATORY  OPERATIONS 

The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver¬ 
satility  and  flexibility  have  been  developed  to  a  high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel¬ 
opments  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans¬ 
fer,  reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermody-ramic s,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo¬ 
sensitive  materials  and  sensors,  high  precision  laser  ranging,  and  the  appli¬ 
cation  of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi¬ 
conducting,  superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor¬ 
rosion  and  fatigue -induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory;  Atmospheric  and  ionospheric  physics,  radia¬ 
tion  from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurora? 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia¬ 
tions  in  space  on  space  systems. 
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